. Chemical compositions of AZ61 magnesium alloy used in the experiment The experiments were carried out in the Gleeble-1500 dynamic material testing machine. The sample was heated with the electric resistance method, whose temperature was measured by thermocouples. The graphite slices were placed between the specimen and the compression heads for reducing the influence of friction on experiment. The solidus of AZ61 magnesium alloy was 525 o C, the liquidus was 620 o C. Therefore, the semi-solid deformation temperature period was 525 o C -620 o C. In order to study and master the characteristics of semi-solid magnesium alloy mechanics at high solid volume fraction, the deformation temperatures were taken as 528 o C, 538 o C, 550 o C and 560 o C respectively. According to the heating procedure shown in Fig.1 , the initial heating rate was 10 o C/s; when the sample's temperature reached 500 o C, the temperature rate was down to 1 o C/s. The above scheduled temperatures reached with holding time 10mins. Then the semi-solid compression experiments were done under the strain rates of 0.1s -1 , 0.5s -1 , 5s -1 and 10s -1 respectively, in which the total strain was 0.8. At the same time, the compression of ascasted specimen was carried out with its temperature heated 522 o C and strain rate ε = 0.1s -1 .
The sample was taken immediately out for water quenching. Then the specimen was made to metallurgical phase sample and corrupted with 4% nitric and liquor, its microstructure changes were observed under the optical microscope. 
The deformed and undeformed microstructures of wrought magnesium alloy
The undeformed microstructure of AZ61 magnesium alloy was composed of the branched grains that had a few large branched grains shown in Fig.2a . An ideal semisolid non-branched grain microstructure was obtained with prior compressive deformation 22%, heat treatment temperature 595 o C and holding time 40min (Fig.2b) . Then the deformed microstructure of semi-solid AZ61 alloy was gained in thixotropic compression process. 
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After the semi-solid AZ61 alloy was pressed by the large plastic deformation, its structure was changed obviously. The regular globular grains were flatted, having the unregular shape. Few liquid phases in the semi-solid material run basically off, the eutectic phase was deformed accordingly. As shown in Fig.2c, Fig.2d , the deformation degree of semi-solid globular grains was associated with the position of deformation zone in sample. The deformation degree in the centre zone (large deformation zone) was larger than one in brim zone (free deformation zone). In the whole thixotropic compression deformation process of semi-solid AZ61 magnesium alloy, the four deformation mechanisms exist such as liquid/flow; flow of liquid incorporating solid particles; sliding between solid particles and plastic deformation of solid particles mechanisms. Because of high solid volume fraction in the thixotropic compression deformation process, the sliding between solid particles and plastic deformation of solid particles mechanisms dominated in the centre of sample, the mix mechanisms ruled in the brim.
The relationships between stress and strain in thixotropic compression processes
The true stress-strain curves of thixotropic compression at the different temperatures for strain rate ε = 5s -1 were shown in Fig.3a , whose developing trends resembled basically. At the beginning of compression deformation, the strain value increased from 0 to 0.1. The stress increased rapidly with the strain increasing. When the stress reached the peak value, its strain value was around 0.1. After the stress reached up peak value, the stress held a little time with the strain increasing, the skeleton composed by solid particle slid and deformed gradually until it was destroyed thoroughly under pressure. When the stress peak value platform was passed, the stress descended slowly with the strain increasing, the softening phenomenon took place. As shown in Fig.3a , the stress peak values at temperatures of 550 o C, 538 o C and 522 o C were 20.60MPa, 26.4MPa and 37.63MPa respectively. When the semi-solid temperature decreased from 550 o C to 538 o C, the stress peak value increased 5.81MPa, its growth rate was 25%. However, when the semi-solid temperature decreased from 538 o C to 522 o C, the stress peak value increased 11.22MPa, its growth rate was 43%. It was shown hat the deformation resistance of semi-solid AZ61 magnesium alloy was obviously smaller than one of conventional as-casted sample. As shown in the Fig.3a and Fig.3b , under the same strain rate condition, the higher deformation temperature, the lower deformation resistance, and deformation resistance decreased obviously with the deformation temperature increasing. This was because the higher deformation temperature, the thicker thin film of liquid phase in grain boundary, and then the grain shape neared to spheroid, which made it slip and turn easily, the deformation resistance decreased. In the thixotropic compression deformation process of semi-solid AZ61 magnesium alloy, the deformed mechanisms were four major mechanisms: liquid/flow; flow of liquid incorporating solid particles; sliding between solid particles and plastic deformation of solid particles mechanisms. However, which deformed mechanism was predominant? The increase or decrease of deformation resistance was decided by the solid volume fraction. When the solid volume fraction was lower, the solid particles were surrounded by liquid phase, and the deformation took place with liquid flow. The deformation force was thus very small, which was only required to overcome liquid resistance. When the solid volume fraction was higher, the liquid was few, the solid particles contacted with each other. The deformation force was required to overcome the friction generated from the sliding between solid particles, and also to overcome the restriction of the solid particle movement due to the spatial constraint imposed by the surrounding particles. Therefore, in the beginning of compression process, the liquid/flow mechanism is unimportant, the other three mechanisms (namely flow of liquid incorporating solid particles, sliding between solid particles and plastic deformation of solid particles) are dominant. The original stress value was large, because the solid particles contacted with each other in very short time, taking place plastic deformation and finally leading the true stress rapidly increasing. At the same time, the higher the strain rate, the smaller the function of liquid/flow and flow of liquid 
Constitutive model of thixotropic plastic forming

Establishment of constitutive model
The relationship among processing parameters (strain rate, strain, temperature, liquid volume fraction) and stress was studied for semi-solid material at high solid volume fraction (Yan & Xia, 2002; 
Where σ was stress, z ε strain, z ε strain rate, T temperature, β geometric constant ( 1.5),
The parameters in proposed constitutive model were determined by the multiple nonlinear regression method. Experimental dates were obtained in the unilateral compression processes. The nonlinear equation was transformed into linear one using logarithms for Eq. (1). 
Analytical results and discussion
Comparisons between the predicted and experimental results in thixotropic compression processes were shown in Fig.4 The true stress-strain curves of thixotropic compression at the different temperatures for strain rate z ε = 0.1s-1 were shown in Fig.4a , whose developing trends resembled basically. At the beginning of compression deformation, the strain value www.intechopen.com Magnesium Alloys -Design, Processing and Properties
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increased from 0 to 0.1. The stress increased rapidly with the strain increasing. When the stress reached the peak value, its strain value was around 0.1. After the stress reached up peak value, the stress held a little time with the strain increasing, the skeleton composed by solid particle slid and deformed gradually until it was destroyed thoroughly under pressure. When the stress peak value platform was passed, the stress descended slowly with the strain increasing, the softening phenomenon took place. Under the same strain rate condition, the higher the deformation temperature, the lower the deformation resistance, and the deformation resistance decreased obviously with the deformation temperature increasing. The true stress-strain curves of thixotropic plastic compression at the different strain rate under the same deformation temperature were shown in Fig.4b . It is seen that under the same deformation temperature, the lower the strain rate, the lower the deformation resistance and the peak value. Fig.4 showed that the results calculated by multiple nonlinear regression method were good agreement with experimental ones. So, the proposed constitutive model had the higher forecast precision and practice meaning. 
Numerical simulation of thixotropic plastic forming
To investigate thixoforming process with numerical simulation method, which was a nonlinear system, some assumptions were taken as follows: (1) The semi-solid metal was assumed as a continuous and incompressible metal fluid. (2) The solid grains in semi-solid metal were uniformly distributed in liquid phase, and because of the large deformation in forming, the semi-solid material was considered as an isotropy uniform medium. The material adopted in this paper was AZ61 wrought magnesium alloy, and the simulations were performed in traditional forging/extrusion and thixo-forging/thixo-extrusion processes. The flow stress model of AZ61 wrought magnesium alloy in traditional forging/extrusion processes was presented as follows (Zhou et al., 2004) :
Where A 5 is constant; n is exponent; m is strain-rate sensitivity; s is exponent for the strain softening influence, negative; Q is activation energy; R is gas constant (8.31kJ/mol). The flow stress model of AZ61 wrought magnesium alloy in thixo-forging/thixo-extrusion processes was expressed as follows 
Where σ is the stress; z ε the strain; z ε the strain rate; T temperature; β constant; L f liquid volume fraction.
Finite element analysis of thixo-forging
In this study, the magnesium alloy workpiece is formed by the close-forge method. The experiment set-up was shown in Fig.5 . Fig.6 shows the workpiece, whose structure and flow character are complicated. Comparisons between forging and thixoforming of the workpiece will be done and predicted in advance using numerical simulation. This is an effective method to instruct application of semi-solid forming technology into its practice production. The same simulated parameters are used to analyze the differences of mechanics properties, flow rule and temperature between forging and thixoforming processes. The materials are normal and semi-solid AZ61 magnesium alloy respectively. Fig.7 shows the load-stroke curves at 559 o C in forging and thixoforming. In the two forming processes, the loads in the initial stage varied gently. When the stroke reached 12.3mm, the rest of the load increased evidently, resulted from forming of claw. When the stroke reached 12.8mm, the load had the trend of decreasing. And in the last stage of filling, the load rose sharply. From Fig.7 we can get that at 12.88mm, the load of forging is much larger than that of thixoforming, and it can be illustrated that the deformation resistance in semi-solid forming process was smaller than that in forging process, in which the former filling property was superior to the latter. The maximum simulated load in forging was 0.29MN, The maximum simulated load in thixo-forging was 0.19MN. The results presented that in the same conditions, the deformation resistance in thixo-forging was about 1/3 less than that in forging, which show a very good agreement with those observed in the experiment. But they were less than the experimental results. The friction coefficient was invariability, and interference fit was used in the simulation model, in which the material can't be squeezed into the gap between dies. The workpiece margin was formed in the experiment, which resulted that experimental loads were higher than simulation ones. Fig.8 showed the effective stress distributions before completed fill in both forging and thixo-forging at 559 o C.The effective stress distribution existed unevenly in forging, whose value (the final 92.4Mpa) was so big that the residual stress could be resulted in workpiece.
That needed to add another working procedure for treating. Effective stress distribution in thixoforming was uniform and its value (the final 30.8Mpa) was small, which was contributed from the excellent fluidity of semi-solid metal.
(a) Traditional forging (b) Thixo-forging Fig. 8 . Effective stress distributions of wrought magnesium alloy in traditional forging and thixo-forging processes Fig.9 and Fig.10 gave the effective strain simulated results in forging and thixo-forging respectively. In the initial stage, the hexagon hole in central section of workpiece was extruded and the rest moved in the rigid motion. In this stage, the strain distributions had few differences between forging and thixo-forging. As the stroke increased, metal deformation entered into the second stage, in which metal flowed from central to around in the extrusion pressure, and the central protruded and bottom platforms were formed. In the second stage, the strain distributions in the two kind of forming processes had a great of differences. Effective strain of the claw root in thixo-forging reached 2.0, and the most of semi-solid metal except outermost layer were in the big strain zone. Effective strain of the claw root in forging reached only 1.1, and most of metal had smaller effective strain, which resulted in material flowing difficulty. In the last stage of metal forming, semi-solid material, due to its prior good strain distribution, could fill up claw easily, and the effective strain in the claw root reached 3.0, and the stress decreased to 30.8MPa. Whereas, effective strain in forging was smaller than that in thixo-forging, and its maximum effective strain in the claw root was only 1.91, and the stress reached 92.4MPa. Therefore, forging was more difficult in filling cavity than thixo-forging. That coincides with the experimental results. Fig.11 showed the traditional forging and thixo-forging workpieces of magnesium alloy. The thixo-forging had better fill effect and surface finish quality than traditional forging, which could achieve near-end deforming with high workpiece quality. The maximum load was 0.35MN in traditional forging, and 0.24 MN in thixo-forging, which showed that the deforming force of semi-solid material was one third of that of traditional material in same conditions. The reason was that the branched grains formed continuous net framework structure in traditional forging. It had better support stress ability, higher deforming resistance and worse filling effect. In thixo-forging, the deformation force was required mainly to overcome particle sliding and particle plastic deformation, in which the sliding between solid particles and plastic deformation of solid particles mechanisms were dominant. The deformation resistance decreased obviously with deformation temperature increasing. 
Finite element analysis of thixo-extrusion
The same simulated parameters were used to analyze the differences of mechanics properties, flow rule and temperature between traditional extrusion and thixo-extrusion processes. The extrusion set-up was shown in Fig.12 . The materials were normal and semisolid AZ61 wrought magnesium alloy respectively. Environment temperature was 20 o C, the warm-up temperature of die was 300 o C. The friction model was constant shearing stress model, whose friction factor was 0.65. Extrusion ratio was 4. Extrusion speeds were 100mm/s and 200mm/min respectively. 15 showed the effective stress distributions before finished in extrusion and thixoextrusion processes. From Fig.4a we could know that effective stress distribution existed unevenly in extrusion process, whose value was so big (100MPa) that the residual stress could be resulted in workpiece. That needed to add another working procedure for treating. The effective stress distribution in thixo-extrusion process was uniform and its value was small (30MPa), which was contributed from the excellent fluidity of semi-solid metal. Distribution of temperature influenced the stress distribution of workpiece, which affected the local deformation resistance, and also influenced the distribution of strain and deformation fluidity. Fig.16 showed the temperature distributions in both extrusion and www.intechopen.com Magnesium Alloys -Design, Processing and Properties 402 thixo-extrusion processes. It could be gained that the temperature grads in extrusion process was larger than that in thixo-extrusion process, the former distribution was worse than the latter. The load-stroke curves between thixo-extrusion and conventional extrusion processes were shown in Fig.17(a) and Fig.17(b) , in which the real line stood for extrusion speed 100mm/min and the broken line stood for extrusion speed 200mm/min. The deformation resistance in thixo-extrusion process was about 1/3 less than that in conventional extrusion process. The deformation resistance in conventional extrusion process was higher because a conventional dendritic structure formed the continuous mesh skeleton and the withstanding stress ability was stronger. The deformation resistance in thixo-extrusion process was lower, which was resulted from overcoming the grains' gliding and plastic deformation, because the liquid phase existed. The liquid phase increased with the temperature increasing, its resistance descended largely. Fig.17 (b) showed the thixo-extrusion load-stroke curves with different velocities and temperatures. The deformation resistance decreased with the increasing of temperature at the same velocity, in which the decreasing trend was obvious at the higher temperature. This reason was that the liquid membrane in the grain boundary was thicker and the grain' shape was close to spherical, made the grain turning and gliding more easy. The deformation resistance increased with the increasing of velocity at the same temperature. The maximum load in conventional extrusion process was 75KN at 300°C, which was 4 times larger than that in thixo-extrusion process. Simulation results were good agreement with experimental ones. Fig.18 showed the samples resulted in thixo-extrusion process at different temperatures (590°C, 580°C, 570°C, 550°C, 530°C), in which the sample's surface was perfect with no crack when the temperature was lower than 570°C ( Fig.18c-18e ). The sample's surface had the micro crack above 580°C (Fig.18b) , which become serious when the temperature reached 590°C (Fig.18a) . 
Conclusion
Thixotropic deformation behaviours of semi-solid wrought magnesium alloy during compression process were obtained as follows: (1) The deformation force was required mainly to overcome particle sliding and particle plastic deformation in thixotropic compression process of high solid volume fraction for semi-solid AZ61 magnesium alloy, in which the sliding between solid particles and plastic deformation of solid particles mechanisms were dominant. (2) The deformation resistance decreased obviously with deformation temperature increasing under the same strain rate condition in thixotropic plastic compression processes for semi-solid AZ61 magnesium alloy.(3) The true stress peak value increased with the strain rate increasing under the same deformation temperature. (4) The deformation resistance of semi-solid AZ61 magnesium alloy was obviously smaller than one of conventional as-casted. The proposed constitutive equation of semi-solid AZ61 was followed by The flow stress models of AZ61 alloy for traditional forging/extrusion and thixoforming (thixo-forging and thixo-extrusion) were adopted to simulate the magnesium thixoforming process. The differences between the two forming processes were analyzed, and the following results have been obtained: (1) The deformation resistance in thixoforming was smaller than that in traditional forging/extrusion, in which the maximum load was about 1/3 less than that in traditional forging/extrusion. (2) The effective stress of workpiece in thixoforming was well distributed, whereas the stress concentration was liable to occur in traditional forging/extrusion, and in order to erase it more procedures should be supplemented. The effective strain of workpiece in thixoforming was distributed uniformly, its flow property and filling ability exceeded that in traditional forging/extrusion, so the complicated workpiece can be done once. (3) Simulation results were in good agreement with experimental ones. Numerical simulation can provide a help for the analysis of comparison between traditional forging/extrusion and thixoforming, and metal flow rule and plastic behavior accorded with practice can be obtained, which provide for the practice production as theory bases. (4) The semi-solid thixoforming technology has taken priority of the traditional processing.
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